Targeting host functions essential for viral replication has been considered as a broad spectrum and resistancerefractory antiviral approach. However, only a few host functions have, thus far, been validated as broadspectrum antiviral targets in vivo. ER α-glucosidases I and II have been demonstrated to be essential for the morphogenesis of many enveloped viruses, including members from four families of viruses causing hemorrhagic fever. In vivo antiviral efficacy of various iminosugar-based ER α-glucosidase inhibitors has been reported in animals infected with Dengue, Japanese encephalitis, Ebola, Marburg and influenza viruses. Herein, we established Huh7.5-derived cell lines with ER α-glucosidase I or II knockout using CRISPR/Cas9 and demonstrated that the replication of Dengue, Yellow fever and Zika viruses was reduced by only 1-2 logs in the knockout cell lines. The results clearly indicate that only a partial suppression of viral replication can possibly be achieved with a complete inhibition of ER-α-glucosidases I or II by their inhibitors. We therefore explore to improve the antiviral efficacy of a lead iminosugar IHVR-19029 through combination with another broad-spectrum antiviral agent, favipiravir (T-705). Indeed, combination of IHVR-19029 and T-705 synergistically inhibited the replication of Yellow fever and Ebola viruses in cultured cells. Moreover, in a mouse model of Ebola virus infection, combination of sub-optimal doses of IHVR-19029 and T-705 significantly increased the survival rate of infected animals. We have thus proved the concept of combinational therapeutic strategy for the treatment of viral hemorrhagic fevers with broad spectrum host-and viral-targeting antiviral agents.
A B S T R A C T
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Introduction
Viral hemorrhagic fevers can be caused by four distinct viral families, including Arenaviridae (Junin, Lassa, Machupo and Pichinde viruses), Bunyaviridae (Rift Valley fever, Crimean-Congo hemorrhagic fever, Hanta viruses), Filoviridae (Ebola and Marburg viruses), and Flaviviridae (Yellow fever, Dengue and Zika viruses). Hemorrhagic fever diseases caused by viruses from different families usually present with similar clinical manifestations. Moreover, in the tropical areas, in practice, febrile and hemorrhagic syndromes are often treated based on clinical and epidemiologic information without precise etiological diagnosis. While cost is one of the issues, time-consumption is another important factor since early treatment is essential for favorable clinical outcomes Watanabe et al., 2016) . Although these viruses are geographically restricted to the areas where their host/ vector species live, hemorrhagic fever caused by different viruses can be co-epidemic in the same geographic areas, due in part, to the vectors commonly used by different viruses. For example, Dengue, Yellow fever and Zika viruses are all transmitted by Aedes aegypti mosquitoes. Accordingly, development of broad-spectrum antiviral agents that are active against multiple hemorrhagic fever viruses is an optimal solution. In recent years, infections with emerging hemorrhagic fever viruses, such as dengue, Ebola and the most recently re-emerging Zika virus, against which no vaccines (or limited use) or antiviral therapies are approved, have become an increasing global risk. In fact, more than 10 hemorrhagic fever viruses have been listed as agents causing emerging, and re-emerging infectious diseases (http://www.niaid.nih. gov/about/whoWeAre/profile/fy2004/Documents/research_emerging_ https://doi.org/10.1016/j.antiviral.2017.12.008 Received 3 October 2017; Received in revised form 4 December 2017; Accepted 12 December 2017 re-emerging.pdf). Therefore, a broad-spectrum strategy is also desirable to prepare for the next hemorrhagic fever epidemic, which could potentially emerge from unidentified or existing neglected viruses.
Although the hemorrhagic fever viruses all have RNA genomes, their genome sequences and structures are significantly distinct from each other. Effective broad spectrum antivirals directly targeting the viral proteins are rare, except for a few examples of nucleotide/nucleoside analogs targeting the viral polymerases of more than one viral species (Boldescu et al., 2017; De Clercq and Li, 2016) . Interestingly, one common feature of all these hemorrhagic fever viruses is that they are all enveloped by viral encoded N-linked glycoproteins that appear to require processing by host ER α-glucosidases. By sequentially cleaving glucose residues from N-linked glycans attached to the immature glycoproteins in the endoplasmic reticulum, the host cellular carbohydrate processing enzymes, ER α-glucosidases I and II, are proved to be critical for viral envelope proteins to properly fold, oligomerize and ultimately form the envelope of the virion particles (Alonzi et al., 2017; Chang et al., 2013a Chang et al., , 2013b Warfield et al., 2016b) . Although these enzymes are also used in the processing of host glycoproteins, there is an apparent greater dependency upon certain viruses that is greater than of host functions, resulting in selectivity for inhibition of viral morphogenesis. Perhaps the assembly of infectious virion particles relies on highly coordinated interaction of multiple copies of envelope glycoproteins, and thus misfolding of a small fraction of viral glycoproteins may lead to a dramatic defect in virion assembly and infectivity (Alonzi et al., 2017; Chang et al., 2015; Dwek et al., 2002) .
Consistent with the critical role of ER α-glucosidases in the life cycle of enveloped viruses, Sadat et al. reported that cells from patients genetically deficient in the gene encoding ER α-glucosidase I are naturally resistant to productive infection of multiple enveloped viruses (Sadat et al., 2014) . It has also been well documented that two families of small molecule ER α-glucosidase inhibitors, indolizidine and 1-deoxynojirimycin (DNJ)-derived iminosugar compounds, suppressed many enveloped viruses in vitro, including one or multiple members from each of the four families of viruses causing hemorrhagic fever (Chang et al., , 2013c Perry et al., 2013; Schul et al., 2007; Tyrrell et al., 2017; Warfield et al., 2017) , and in vivo in animal models of flavivirus and filovirus infections such as dengue, Ebola and Marburg viruses (Chang et al., 2011a (Chang et al., , 2011b Schul et al., 2007; Warfield et al., 2016b; Whitby et al., 2005) . In addition to hemorrhagic fever viruses, the in vivo efficacy of small molecule ER glucosidase inhibitors has also been demonstrated in animal models of Influenza virus and Japanese encephalitis virus infection (Warfield et al., 2016a; Wu et al., 2002) .
In this study, to evaluate the maximum extent of antiviral potency by targeting ER glucosidase I and II, we examined Dengue virus (DENV), Yellow fever virus (YFV) and Zika virus (ZIKV) infections in human hepatoma derived cell lines with either ER α-glucosidases I or II knockout, and demonstrated that only partial inhibition of these viruses were achieved in the absence of ER glucosidase I or II. IHVR-19029 is a lead N-alkyl analog of DNJ with demonstrated broad-spectrum antiviral efficacies against at least one member from each of the four families of hemorrhagic fever viruses in vitro, and partial protection against Ebola virus (EBOV) and Marburg virus (MARV) in lethal infection mouse models (Chang et al., 2013c; Du et al., 2013a; Du et al., 2013b; Ma et al., 2017) . In an effort to further improve the therapeutic efficacy, we demonstrated that combination of IHVR-19029 with another broad spectrum antiviral agent favipiravir (T-705) synergistically inhibited YFV and EBOV in vitro and increased the survival rates in EBOV infected mice.
Materials and methods

Cells and chemicals
HEK293 cells (ATCC), Vero cells (ATCC) and Huh7.5 cells (a gift of Dr. Charles M. Rice at Rockefeller University) were maintained in Dulbecco's modified minimal essential medium (DMEM, Corning) supplemented with 10% fetal bovine serum (FBS). HeLa (CCL-2) (ATCC) was cultured in DMEM supplemented with 10% FBS, 1% L-glutamine, 10 mM HEPES and 1% non-essential amino acids. TLR3-expressing HEK293 (293TLR3HA, Invivogen)-derived stable reporter cell line expressing firefly luciferase under the control of a human IFN-β promoter (293TLR3/IFNβLuc) were established and cultured as described previously . IHVR-19029 was synthesized in house with 95% purity . Favipiravir (T-705, 6-fluoro-3-hydroxy-2-pyrazinecarboxamide) was either purchased from AdooQ Bioscience, or obtained from Medivector, Inc. (for EBOV studies).
Generation of glucosidase I and II knockout cell lines
The gene mannosyl-oligosaccharide glucosidase (MOGS) encodes ER α-glucosidase I, the first enzyme in the N-linked oligosaccharide processing pathway. The gene glucosidase II alpha subunit (GANAB) encodes the alpha subunit of ER α-glucosidase II. To generate glucosidase I and II knockout cell lines, Huh7.5 cells were first transduced with Cas9 expressing plasmid, hEF1a-Blast-Cas9 (GE Heathcare Dharmacon). Two days after transduction, the cells were re-seeded at a density of 10 4 cells per 10-cm dish and cultured in medium containing 5 μg/ml of blasticidin. Single cell clones expressing Cas9 were expanded into cell lines (Huh7.5 Cas9). The expression of Cas9 was determined by Western blot assay. sgRNA CRISPR lentiviral vectors were purchased from Applied Biological Materials. The target sequence for MOGS is GGTCCTCTAGTAGGTCAAGG, and for GANAB, GAGTCGGCAGGCAAC ACAGG. Lentiviral particles were packaged in Lenti-X 293T cells using Lenti-X Packaging Single Shots according to the procedure provided by the manufacturer (Clontech). Huh7.5 Cas9 cells generated above were seeded for 50% confluence and transduced twice by using 1:1 ratio of cell culture media and lentivirus-containing supernatants. The cells were allowed to grow to confluence and then selected with the corresponding selective agent (5 μg/ml blasticidin or 400 μg/ml G418 sulfate, respectively) to generate single clone-derived cell lines.
Western blot assay
Cell lysates were resolved by electrophoresis in 4-12% Bis-Tris gel and transferred onto PVDF membrane (Invitrogen). The membranes were blocked and probed with antibodies against Cas9 (Cell Signaling 14,697) at a concentration of 1:1000, ER α-glucosidase I (Sigma HPA011969) at 1:250, ER α-glucosidase II (Abcam ab68814) at 1:1000 or β-actin (Cell Signaling 3700) at 1:1000, and followed by incubation with IRDye secondary antibodies and imaging with LI-COR Odyssey system (LI-COR Biotechnology).
Virus infection and analyses
DENV, YFV and ZIKV infection. YFV 17D and DENV serotype 2 (New Guinea C) virus stocks were produced as reported previously (Guo et al., 2016; Qu et al., 2011) by electroporation of Huh7.5 cells with in vitro transcribed RNA from pACNR/FLYF-17Dx (a gift of Dr. Charles M. Rice (Bredenbeek et al., 2003; Rice et al., 1985) ) and pACYC177-NGC-DENV-2 (a gift of Dr. Pei-Yong Shi (Xie et al., 2013) ), respectively. ZIKV (PRVABC59) was purchased from ATCC. For YFV, DENV or ZIKV infection, cells seeded in 96-well plates at a density of 4 × 10 4 /well in 200 μl of medium/well were infected with the virus at 0.1 MOI for 1 h and then washed gently with phosphate buffer saline (Genesee Scientific) twice, after which medium (with or without compound) was added and cultured for 48 h. To detect intracellular viral RNA, total cellular RNAs were extracted using NucleoSpin 96 RNA kit (MachereyNagel). Intracellular viral RNA was detected by one step qRT-PCR with SuperScript II Platinum SYBR Green Kit (Invitrogen) on LightCycler 480II (Roche) using viral specific primers as reported previously (Adcock et al., 2016; Guo et al., 2016; Ma et al., 2017) . β-actin mRNA was also determined in parallel to serve as an internal control. Viral titers in the cell culture media were determined in Vero cells by plaque assay. Briefly, Vero cells were seeded at a density of 2 × 10 4 cells/well
(1 ml medium/well) in a 24-well plate overnight. The culture media containing viral particles were diluted in a 10-fold scale from 10 −1 to 10 −6 in 200 μl/well Opti-Mem medium (Gibco). Vero cells were infected for 1 h followed by incubation in DMEM medium with 0.75% methylcellulose for 5-7 days until the plaque became visible. To report the virus replication using IFN-β promoter driven Luciferase reporter assay, 293TLR3/IFNβLuc cells were seeded in 96-well plate and infected with YFV at 0.1 MOI followed by treatment of indicated concentrations of compounds for 48 h. The firefly luciferase activities were measured using Steady-Glo (Promega), followed by luminometry in a TopCounter (Perkin Elmer) (Guo et al., 2014) . EBOV infection. Hela cells were plated in 40μl of culture media at 2000 cells/well into 384 well plates (Aurora 384 IQ-EB/NB) and incubated for 20-24 h before compound treatment and infection. Cells were treated with indicated concentrations of compounds 24 h prior to infection and then transferred to the BSL-4 suite and infected with EBOV for 48 h (Makona isolate at a MOI of 1.5 in antiviral assay shown in Fig. 2 , or EBOV Zaire at MOI of 2.5 in synergistic study shown in Fig. 3 ). Immunostaining was performed to visualize infected cells using antigen specific monoclonal antibody 6D8 anti-GP (Wilson et al., 2000) and DyLight 488 anti-mouse-IgG (Thermo). Draq5 (Biostatus) was used to stain the cell nuclei. Images are acquired on the Opera imaging instrument (Perkin Elmer) using 10× Air objective and four images/well were typically acquired. Signals of virus staining were detected at 488nm emission wavelength and nuclei at 640nm. Image analysis was performed using PE Acapella algorithms.
Cytotoxicity assay
To determine the cell viability, a MTT assay (Sigma) was performed. HEK293 cells were set up and incubated with various concentrations of compounds under condition that was identical to that used for antiviral assays of DENV, YFV and ZIKV, except that cells were not infected (Chang et al., 2009) . In EBOV infected Hela cells, cytotoxicity was measured by number of cells in each treated well and expressed as percentage of viability relative to untreated control well using GeneData Scanner.
Pharmacokinetics and tolerability studies in mice
Pharmacokinetics and tolerability studies in mice were performed by QPS, LLC. Male Balb/c mice weighed 21.6 g to 25.9 g were used for the studies. IHVR-19029 was formulated in a vehicle of phosphate buffered saline (PBS, pH = 7.4) and administrated by intraperitoneal injection (IP). In a single dosing study, each mouse was administrated with IHVR-19029 at 75 mg/kg. Blood as well as tissue samples (heart, kidney, liver, lung and spleen) were collected at pre-dose, 10 min, 30 min, 90 min, and 2, 4, 6, 8 h post-dose. Three mice were included in each time point. In a repeated dosing study, each mouse was administered three times per day (TID, every 8 h) of IHVR19029 via IP for 5 days at 50, 75, 100, 150 or 200 mg/kg/dose. At 4 h post final dosing on day 5, blood as well as tissue samples (heart, kidney, liver, lung and spleen) were collected and weighted. Organs were snap-frozen by placing on aluminum foil in the petri dish over the vapor phase liquid for 5-10 min. Terminal plasma and frozen tissue samples were analyzed by LC/MS/MS to determine the concentration of IHVR19029. Three mice were included in each dosing group. Observations of tolerability were recorded for all animals during the acclimation period, at least once pre-dose and once post-dose. Cageside observations included morbidity, mortality, injury, and the availability of food and water. Clinical Observations included, but were not limited to, evaluation of the skin, fur, eyes, ears, nose, oral cavity, thorax, abdomen, external genitalia, limbs and feet, respiratory and circulatory effects, autonomic effects such as salivation, and nervous system effects including tremors, convulsions, reactivity to handling, and bizarre behavior. . Food consumption was measured and recorded once daily during the dosing phases.
2.7. Glycan profiling in tissue samples isolated from mice treated with IHVR-19029 2.7.1. Isolation of free oligosaccharides (FOS) 25mg of the frozen mouse spleen was mixed with 1 ml of distilled water and frozen and thawed using a dry ice/methanol bath before homogenization. Samples were centrifuged for 5 min at maximum g in an Eppendorf centrifuge at 4°C. The supernatant was run through a porous graphitized carbon (PGC) column (Thermo Scientific), sequentially pre-equilibrated with methanol, water and acetonitrile (ACN) with 0.1% trifluoroacetic acid (TFA). Oligosaccharides were eluted with 2 ml of 50% ACN, 0.1% TFA and then dried in stages (300μl, 50 μl, 10 μl) in a speed-vac (Thermo Scientific). The free oligosaccharides were labeled with 10μl of aminobenzoic acid (2-AB), which was prepared with GlycoProfile 2-AB Labeling Kit (Sigma Aldrich), and then vortexed and incubated at 65°C for 2-3 h. Labeled FOS were then spotted onto Whatman 3 MM paper which was then placed in a beaker containing acetonitrile and chromatographed until the solvent front reached the top of the paper. The paper was dried, and UV light was used to check for efficient removal of free 2-AB. The 2-AB-labeled glycans were then eluted and dried by speed-vac over various stages to ensure the labeled FOS were concentrated at the bottom of the tube, and then resuspended in 30μl of distilled water.
FOS analysis
Purified 2-AB-labeled oligosaccharides were separated by Normal Phase High-performance liquid chromatography (NP-HPLC) (Waters) using a 4.6 × 250mm TSKgel Amide-80 column (Fisher Scientific). Glycan compositions were determined following comparison with a 2-AB-labeled glucose oligomer ladder external standard. Peaks were analyzed using Waters Empower software.
2.8. In vivo efficacy study in mice infected with EBOV 2.8.1. 8-12 week old C57Bl/6 mice were infected with 1000 pfu mouseadapted EBOV-Zaire via IP injection Treatment was initiated immediately after infection and typically completed within 120 min for all the infected animals. In the T-705 dose-finding experiment, mice were randomly assigned into 5 groups with either mock treated or treated with one of the dose groups: 40 mg/ kg, 8 mg/kg, 1.6 mg/kg or 0.325 mg/kg. T-705 was formulated in individual suspensions in sterile with 0.4% carboxymethylcellulose and administrated PO in 100 μl volume, once daily for 10 days. Each group included 10 mice. In the IHVR-19029 and T-705 combination experiment, mice were randomly assigned into 9 groups: mock treated, or treated with T-705 (at 0.325 or 1.6 mg/kg), IHVR-19029 (at 50 or 75 mg/kg) or the combinations of the two compounds at each dose for 10 days. IHVR-19029 was administrated via IP injection in 100 μl volume, twice daily. 0.4% carboxymethylcellulose and/or PBS were used as vehicle(s) in groups of animals mock treated or treated with one compound. Each group included 9 mice. Health and weight were monitored for 14 days. The mouse efficacy studies were conducted according to research protocols approved by the USAMRIID Institutional Animal Care and Use Committee (IACUC). This was in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adhered to the principles stated in the Guide for the Care and Use of Laboratory Animals, National Research Council. The BSL-4 facility where this research was conducted is fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International (AAALAC).
Statistics
P values were calculated using 2-tailed student's t-test. Synergy effect was evaluated using MacSyngergy II. Log-rank (Mantel-cox) test was performed for animal survival analysis (GraphPad Prism 7).
Results
Replication of hemorrhagic fever viruses in cells with ER α-glucosidase I or II knockout
Previously we performed target validation studies using siRNAs of ER glucosidase I and II, which only resulted in a partial knockdown of ER α-glucosidase I and II expression and a less than 1 log reduction of hepatitis C virus (Qu et al., 2011) and DENV (data not shown). In this study, we used CRISPR/Cas9 technology to establish Huh7.5-derived cell lines with knockout of either MOGS or GANAB gene encoding ER α-glucosidase I or II, respectively (Huh7.5/Gluc I KO or Huh7.5 Gluc II KO). Fig. 1A and B shows the successful knockout of ER α-glucosidase I or II expression in the two cell lines, as determined by western blot assay. The ER α-glucosidase I and II knockout cells were infected with DENV, YFV, or ZIKV. As shown in Fig. 1C-H , the replication levels of all three viruses were significantly reduced in α-glucosidase I and/or II knockout cells, as judged by the reduction of intracellular viral RNA and virus titers in the culture media. Thus, using α-glucosidase I and II knockout cells, we firmly validated α-glucosidase I and II as antiviral targets for these three hemorrhagic fever viruses. Nevertheless, even in absence of either ER α-glucosidase I or II, the replication of DENV, YFV, or ZIKV could only be partially blocked, with the maximum reduction of virus titers ranging from one to two logs (Fig. 1D, F and H) , with exception of a three logs reduction in virus titer in Gluc I KO cells infected with YFV, and no significant reduction in Gluc II KO cells infected with ZIKV. These results suggest that there is an upper limit to what can be expected in inhibiting these viruses by pharmacologically targeting ER glucosidases I and II. In addition, we also attempted to establish a cell line with both α-glucosidase I and II knockout but without success (data not shown). The failure to obtain α-glucosidase I and II double knockout cells indicates that complete inhibition of both enzymes may be lethal to the cells. Accordingly, a combinational therapeutic strategy may be a reasonable approach, in order to improve the antiviral efficacy of ER glucosidase inhibitors.
ER α-glucosidase inhibitor IHVR-19029 can be potentiated by T-705 against yellow fever virus and Ebola virus in tissue culture
Previously, we reported that IHVR-19029 can inhibit the replication of several hemorrhagic fever viruses, such as DENV and Rift valley fever virus in vitro (Chang et al., 2013c) . In this study, we further tested its antiviral activity against YFV, ZIKV and EBOV. As shown in Fig. 2A -C, IHVR-19029 most potently inhibited DENV, but to a lesser extent, YFV and ZIKV in HEK293 cells infected with the viruses at MOI of 0.1. While there is no previous report of ER glucosidase inhibitor against ZIKV, the lower sensitivity of YFV to IHVR-19029 , is consistent with a previous report using another family of ER glucosidase inhibitor, Castanospermine (Whitby et al., 2005) . The discrepancy in the antiviral potency of IHVR-19029 against these three flaviviruses could be due to the number and/or location of glycosylation site(s) within their envelope proteins. For example, while DENV serotype 2 virus has two conserved glycosylation sites in the envelope protein located at amino acid residues 67 and 153, only the N153 site is maintained in the envelope protein of PRVABC59 strain of ZIKV (Dai et al., 2016) . Interestingly, while none of these two conserved glycosylation sites in DENV envelope exist in the envelope protein of 17D YFV, there is a potential N-linked glycosylation site located at amino acid residue 308, which has not been experimentally confirmed (Hahn et al., 1987) . Nevertheless, it was previously reported that N-linked glycosylation in YFV NS1 protein is also important for virus replication and may also confer sensitivity of the virus to ER α-glucosidase inhibition (Muylaert et al., 1996) . Ebola virus has been predicted to be sensitive to ER glucosidase inhibition since its glycosylated envelope proteins GP1 and GP2 have more than 10 predicted glycosylation sites (Lennemann et al., 2014 (Lennemann et al., , 2015 . Previously we reported that IHVR-19029 inhibited the assembly and infectivity of EBOV glycosylated envelope protein pseudotypedlentiviral particles (Chang et al., 2013c ). Here we further demonstrated that in an immunofluorescent-based quantitative assay, IHVR-19029 inhibited EBOV in Hela cells with an EC 50 of 16.9 μM (Fig. 2D) . The antiviral potency could be underestimated since a high MOI of infection (MOI of 1.5) was needed in order to achieve optimal florescent signals in this assay.
To overcome the limited antiviral potency associated with glucosidase inhibition, we tested whether the antiviral activity of IHVR-19029 can be potentiated by combination with other broad-spectrum antivirals. Favipiravir (T-705) is a broad-spectrum viral polymerase inhibitor that is active against YFV and Ebola in vitro and in vivo (Baz et al., 2017; Best et al., 2017b; Julander et al., 2009) . As shown in Fig. 3A and B, combination of IHVR-19029 and T-705 in a checkerboard matrix format in cells infected with YFV or EBOV achieved a significant synergistic antiviral effect as demonstrated by the peaks above the surface analyzed by MacSynergy software (Prichard and Shipman, 1996) .
Pharmacokinetics (PK), pharmacodynamics (PD) and tolerability of IHVR-19029 in mice
Previously we reported the PK profile of IHVR-19029 using IP and oral administration, which showed that the compound has very low oral bioavailability and short half-life via IP route (Chang et al., 2013c) . Nevertheless, IP injection of IHVR-19029 at 75 mg/kg twice daily for 10 days partially protected the lethal infection in mice infected with EBOV or Marburg virus. In order to further optimize the dose and dosing frequency of IHVR-19029 in efficacy studies via IP injection route, we set out to analyze the PK profile with specific focus on tissue distribution of the compound, which should be more relevant to the antiviral efficacy. The result from a single dose pilot study using IP injection of IHVR19029 at 75 mg/kg in male Balb/c mice was used for the design of the repeat dose PK and tolerability study. In the single dose experiment, a tendency of higher level accumulation of IHVR-19029 in tissues compared to plasma was observed. For example, the compound concentration in the liver was 15-fold higher at 8 h post injection (224 ng/ g, equivalent to 0.5 μM) compared to that in plasma (Fig. 4A) . Accordingly, three times daily (TID) treatment at 8 h apart was selected in the following repeated dosing experiment.
A five-day repeated dosing experiment was designed to evaluate the PK, PD, and tolerability. Animals were randomly assigned into 5 dose groups of 50, 75, 100, 150 and 200 mg/kg/dose, TID via IP injection. Doses of 50-100 mg/kg TID for 5 days appeared to be very well tolerated by all the animals, but mice that received ≥150 mg/kg TID for 5 days developed observable signs of toxicity. At day 3, all 5 mice in the 200 mg/kg group appeared to be lethargic, had swollen abdomens, and lower skin turgor, a characteristic that is consistent with dehydration. All the mice were euthanized for humane reasons at day 4. At the time of necropsy, the average weight of heart, kidney and spleen was 15%-50% lower in the group of animals treated with 200 mg/kg (data not shown), which is another indication of dehydration. Mice in the 150 mg/kg group had peri-anal staining and soft feces after day 3, but eventually survived the 5-day dosing. This observed adverse effect at 150 mg/kg group may be due to potential off-target inhibition of carbohydrate-metabolizing glucosidases located in the gastrointestinal lumen .
An examination of the tissue to plasma ratios for each dosing group showed that IHVR19029 partitioned highly into the spleen, lung, kidney, heart, and liver. As shown in Fig. 4B, 4 h post final injection, in the 50, 75 and 100 mg/kg dose groups, the mean drug concentrations were up to 3 logs higher in the spleen and 2 logs higher in the liver, compared to that in plasma. These results suggested there was accumulation of IHVR19029 in tissues after multiple IP doses of IHVR19029, especially in the heart, lung, and spleen. Interestingly, treating mice with nontoxic doses of 50-100 mg/kg TID for 5 days resulted in steady-state tissue concentrations of IHVR-19029, ranging from 2076 ng/g in the liver to 47,401 ng/g in the spleen (approximately equal to 5-100μM), which are close to or above the targeted therapeutic Fig. 1 . DENV, YFV and ZIKV replication in ER α-glucosidase I and II knockout cells. The expression of ER α-glucosidase I (A) or II (B) in parental Huh7.5 cells, Huh7.5 cells expressing Cas9, and cells with ER glucosidase I or II knockout (Huh7.5 Gluc I KO or Huh7.5 Gluc II KO) were examined by a Western blot assay. β-actin served as a loading control. (C to H) Parental Huh7.5 cells and derived ER α-glucosidase I and II knockout cell lines were infected with DENV (C and D), YFV (E and F) or ZIKV (G and H) at MOI of 0.1 for 1 h and cultured for additional 48 h. The levels of DENV RNA (C), YFV RNA (E) or ZIKV RNA (G) were determined by qRT-PCR using β-actin as internal control and expressed as the percentage relative to that in Huh7.5 cells. The viral titers of DENV (D), YFV (F) or ZIKV (H) in culture supernatant were determined by plaque assay. Data were presented as mean from four independent replicates (mean ± standard deviation). *p < .05 compared to that in parental cells. concentrations for various virus infections. The concentrations of IHVR19029 in tissues and plasma appeared to increase with higher doses, which could be related to the dehydration status of the animals due to toxicity.
Given the high level accumulation of IHVR-19029 in tissues, especially in the spleen, a relevant organ with multiple hemorrhagic fever infection (Geisbert et al., 2003) , we set out to determine whether IHVR-19029 changed the protein glycan profile in the spleen. Consistent with the known function of ER glucosidases I and II, which sequentially trim the three terminal tri-glucose moieties on the N-linked glycans attached to nascent glycoproteins, treatment of the mice with IHVR-19029 resulted in retention of the terminal glucose structure of N-linked glycans in the free oligosaccharides isolated from the spleen. Fig. 5 shows representative chromatograms of total cellular FOS from the spleen of (A) 293TLR3IFNβ Luc cells were seeded in 96-well plate for overnight and infected with either YFV at MOI of 0.1 for 1 h. The cells were then treated with indicated concentrations of compounds or their combinations for additional 48 h followed by quantification of luciferase activity (n = 6). (B) Hela cells were seeded in 384-well plate and treated with indicated concentrations of compounds or their combination for 2 h. The cells were then infected with EBOV (Zaire) at MOI of 2.5 for 48 h. Immunostaining assay was performed to quantify EBOV GP protein (n = 4). Synergy analysis was performed using MacSyngergy II. The peak above the surface represents the degree of synergy with 95% confidence interval. untreated and treated mice. In contrast to untreated control (Fig. 5A ), there were multiple florescent peaks consistent with mono-(G1M4N and G1M5N), di-(G2M4N) or tri-(G3M5N and G3M6N) glucose retention in FOS isolated from the spleen of IHVR-19029 treated mouse (Fig. 4B) . This result indicates that IHVR-19029 is not only accumulated in tissues of treated animals, but also functional against its target enzymes ER glucosidase I and II.
T-705 potentiates IHVR-19029 in vivo in a mouse model of EBOV infection
Encouraged by the synergistic antiviral effects between T-705 and IHVR-19029 against yellow fever and EBOV in tissue culture, as well as the optimal PK and PD profile in the tissues of animals treated with IHVR-19029 via IP route, we tested the in vivo combination effect of T-705 and IHVR-19029 in a mouse model of EBOV infection. First of all, we determined the suboptimal doses of T-705 being 0.325 mg/kg and 1.6 mg/kg (Fig. 6A) . Next, we demonstrated, when two suboptimal doses of each compound were combined, there was always an increase in the survival rates ( Fig. 6B-E) . Statistical analysis using Log-rank (Mantel-cox) test indicated that there are statistically significant differences in 5 out of the 8 comparisons between combination treatment and mono-treatment. Specifically, low and high dose of T-705 both potentiated low dose of IHVR-19029 (Fig. 6B and D) . Low and high dose of IHVR-19029 both potentiated low dose of T-705 (Fig. 6B and C) . In addition, high dose of IHVR-19029 also potentiated high dose of T-705 (Fig. 6E) . This result are consistent with the data obtained from in vitro study, suggesting T-705 can also potentiate the antiviral activity of IHVR-19029 in vivo in a mouse model of EBOV infection.
Discussion
It has been thirty years since the first report of ER α-glucosidase inhibitor as an anti-retroviral agent (Sunkara et al., 1987 ). Numerous studies have since then demonstrated that ER glucosidase inhibitors are broad-spectrum antivirals with in vitro and in vivo activity against many members of enveloped viruses, including several hemorrhagic fever viruses (reviewed in ), and have a confirmed high genetic barrier against escape mutations in vivo (Plummer et al., 2015) . However, the clinical development of ER glucosidase inhibitors has been limited by low potency when treating patients with chronic infections. In clinical trials of treating patients with chronic infections of hepatitis C and human immunodeficiency viruses, long term treatment only resulted in modest reduction in viremia, and thus lacks definitive clinical benefits Durantel, 2009; Fischl et al., 1994) . Unlike chronic viral infections where long-term treatment and potent suppression of viral replication is required for achieving a beneficial clinical efficacy, clinical data suggested that suppression of viremia by merely 1 to 2 logs in the early phase of an acute viral infection, such as dengue hemorrhagic fever, can be life-saving (Vaughn et al., 2000) . Nevertheless, a prodrug of indolizidine, Celgosivir (6-O-butanoyl castanospermine), which is highly protective when given twice daily to AG129 mice infected with dengue virus, did not significantly reduce serum viral loads in patients in a Phase Ib proof-of-concept clinical trial when given in a similar regimen (Low et al., 2014; Watanabe et al., 2012) .
Great effort has been exerted to improve the therapeutic efficacy of glucosidase inhibitors. In particular, for the indolizidine family compound celgosivir, optimizing treatment protocol was performed in mouse models of dengue virus infection to search for a window of potential therapeutic efficacy including increasing dose, dosing frequency, optimized time of initiation of treatment, which should provide guidance for the planning of another clinical trial (Watanabe et al., 2016) . Other approaches are mainly focusing on the chemical modification of DNJ-derived glucosidase inhibitors to improve potency and/or tolerability (Chang et al., 2009 (Chang et al., , 2013c Du et al., 2013a Du et al., , 2013b Ma et al., 2017; Yu et al., 2012) . Recently, the structures of mammalian ER α-glucosidase II were reported, which capture the binding modes of iminosugar, and thus provide a template for rational design of more potent inhibitors (Caputo et al., 2016) . UV-4B, an Nalkyl-derivative of DNJ, with in vivo activity against influenza and dengue viruses (Stavale et al., 2015; Warfield et al., 2016a Warfield et al., , 2016b , is currently in Phase I clinical trial treating dengue disease (NCT02061358). Unfortunately, the pre-clinical study attempting to expand the antiviral spectrum of UV-4B to Ebola virus infection failed in mice, guinea pigs and nonhuman primates . These studies highlighted the complexity and challenges that need to be addressed in the advanced preclinical and clinical development of ER glucosidase inhibitors as broad-spectrum antiviral candidates.
Given the long standing issue of low efficacy associated with many of the ER glucosidase inhibitors, in this paper, we first set out to determine the maximum extent of antiviral potency in human hepatoma derived cell lines with either ER α-glucosidases I or II knockout. On At indicated time points post injection, Plasma samples together with heart, kidney, liver, lung and spleen samples were collected. IHVR-19029 concentrations in plasma and tissues were determined and expressed as average from 3 animals (ng/ml in plasma or ng/g in tissue). (B) Male Balb/c mice were randomly assigned into six groups, three animals per group: one control group and five treated groups at 50, 75, 100, 150 or 200 mg/kg. The animals were either mock treated or treated with IHVR-19029 via IP injection, three times daily at 8 h interval for five days. Plasma samples together with heart, kidney, liver, lung and spleen samples were collected at 4 h post the last dosing at day 5 except for samples from animals treated with 200 mg/kg which were collected at day 4 before the animals were euthanized due to toxicity. IHVR-19029 concentrations in plasma and tissues were determined and expressed as average from 5 animals (ng/ml in plasma or ng/g in tissues).
average, around 1 to 2 logs reduction of viral titers were observed in DENV, YFV, and ZIKV infection in the absence of either glucosidase I or II (Fig. 1C-H) . These results are consistent with a previous report using cells derived from two patients with genetic defects in ER α-glucosidase I that only demonstrated reduced ability to support productive infection of multiple enveloped viruses (Sadat et al., 2014) . Together, these results provide independent genetic validation for the critical role of ER glucosidases I and II in the morphogenesis and infectivity of a broadspectrum of enveloped viruses. But more importantly, the results also suggest that viruses can manage to replicate in the absence of ER glucosidase I or II, which explains, at least in part, the observed low efficacy of glucosidase inhibitors in in vivo or clinical studies.
IHVR-19029 is another lead molecule of N-alkyl-DNJ derivative, which showed partial protection via IP injection against Ebola and Marburg in mouse models. The preclinical development of IHVR-19029 has been limited by its low oral bioavailability and dose-limiting gastrointestinal side effects via oral route (Chang et al., 2013c) . In our effort to improve the pharmacokinetic properties of IHVR-19029, prodrugs of IHVR-19029 were recently developed which improved its oral availability as well as side effects associated with oral administration . These features, as a whole, have been predicted to improve the in vivo antiviral efficacy via oral route. Although IHVR-19029 treatment provided partial protection in Ebola and Marburg virus infected mice via injection route, it has a short plasma half-life (Chang et al., 2013c) . In order to further modify the treatment protocol and improve the in vivo efficacy, in this study we examined its tissue distribution and tolerability after 5 days of repeated dosing. Interestingly, we showed that at the end of the 5 days repeated dosing, the drug concentrations were 2-3 logs higher in the major tissues as compared to that in the plasma. In addition, treatment with IHVR-19029 at 50 mg/ kg to 100 mg/kg resulted in a steady state level of IHVR-19029 at or above the predicted antiviral therapeutic values in target organs such as spleen, kidney and liver. The accumulation of IHVR-19029 in tissues after repeated IP dosing could well explain the in vivo efficacy of IHVR-19029 at a dose of 75 mg/kg. However, this partial efficacious dose is very close to its toxic dose at 150 mg/kg, which means improving antiviral efficacy cannot be achieved simply by increasing the dose. Moreover, it is also impractical to have a dosing frequency of more than three times a day in a BSL-4 environment. In this regards, as an alternative approach to further explore the therapeutic potential of IHVR-19029 via injection, in the current study, we explored the possibility of combining IHVR-19029 with another broad antiviral agent.
Favipiravir, or T-705, is a pyrazinecarboxamide derivative with activity against many RNA viruses, including influenza viruses, as well as members of flaviviruses, arenaviruses, bunyaviruses, filoviruses, and alphaviruses (Furuta et al., , 2013 Gowen et al., 2014) . In 2014, favipiravir was approved in Japan for stockpiling against influenza pandemics [9] . For viruses causing hemorrhagic fever, in vivo efficacy of favipiravir has been demonstrated against yellow fever virus in a hamster model , Junin virus in a guinea pig model, Pichinde virus in a hamster model (Westover et al., 2016) , Crimean-Congo hemorrhagic fever virus in a mouse model (Oestereich et al., 2014b) , and Ebola virus in two mouse models (Oestereich et al., 2014a; Smither et al., 2014) . On the other hand, favipiravir showed limited or no efficacy against Zika virus in vitro, and a mathematic model predicted that a very high therapeutic efficacious dose is required in vivo (Baz et al., 2017; Best et al., 2017a; Lanko et al., 2017) . Clinically, a historically controlled, single-arm proof-of-concept trial in Guinea (NCT02329054) treating patients with Ebola virus infection showed that favipiravir monotherapy was only efficacious in patients with low viremia, but not in those with high viremia (Sissoko et al., 2016) . A follow-up study of the trial indicated that the favipiravir concentrations in the plasma of treated individuals were not sufficient to strongly inhibit the viral replication (Nguyen et al., 2017) .
Given the overlapping antiviral spectrum between IHVR-19029 and T-705 and the common feature of low or insufficient potency in vivo and/or in clinical trials, it is reasonable to consider the combination of these two drugs. Indeed, in this study we demonstrated that combination of IHVR-19029 and T-705 synergistically inhibited YFV and EBOV in vitro. Moreover, combination of sub-optimal doses of IHVR-19029 and T-705 significantly improved the survival rates in EBOV infected mice. In the future, detailed analysis of in vivo toxicity should be performed to assess the potential additive toxicity by combining IHVR-19029 and T-705, which may allow for applying different dose combinations of the two compounds to further improve the therapeutic benefits. While clinical trials with iminosugar therapy are still ongoing, and it is not yet known whether or not monotherapy is adequate, this study certainly sets the foundation for combinational strategy as potential alternative in future pre-clinical and clinical studies against EBOV and other hemorrhagic fever viruses such as DENV, YFV and ZIKV. Furthermore, such combinational approach may be generalized for other iminosugar-based ER glucosidase inhibitors such as UV-4 and celgosivir, both of which are in more advanced pre-clinical development stage, as well as other broad-spectrum viral RNA polymerase inhibitors such as sofosbuvir, GS-5734, or BCX 4430 (Bekerman and Einav, 2015; Bullard-Feibelman et al., 2017; Warren et al., 2014 Warren et al., , 2016 Xu et al., 2017) . Other approaches to explore combinational therapeutic of EBOV infection have been reported, such as combination of three FDA-approved drugs that synergistically block EBOV entry (Sun et al., 2016 (Sun et al., , 2017 . IHVR-19029 , either alone or in combination for 10 days immediately after infection. Animals treated with vehicles served as placebo controls (n = 9 per group). P values were calculated with Log-rank (Mantel-cox) test. *P < .05; **P < .01; ***P < .001; ns, no significance.
